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DP Suppresses Osteopontin Secretion in VSMC
adenosine reuptake and degradation, and preventing thrombus formation. 12 DP inhibits cell proliferation and collagen synthesis in human aortic smooth muscle cells, 13 and inhibits the fibrogenic effect of peritoneal mesothelial cells, and has been shown to exert anti-inflammatory effects. 14 Thus, DP exerts anti-platelet, anti-inflammatory, and anti-fibrotic effects, therefore DP might have beneficial effects in preventing diabetes associated vascular complications.
In this study, we investigated the in vitro effects of DP on high glucose-induced increase in mRNA expression and protein secretion of osteopontin. We observed that the incubation of rat aortic vascular smooth muscle cells (RASMCs) with DP significantly suppressed high glucose-induced osteopontin secretion. This suppression of osteopontin was associated with an induction of cAMP and cGMP, which enhanced the expression of thioredoxin, thereby inhibiting reactive oxygen species (ROS) generation. Inhibition of cAMP-dependent protein kinase (PKA), cGMP-dependent protein kinase (PKG), or thioredoxin by pharmacological inhibitors reversed the inhibition of osteopontin secretion by DP. Our results suggest that DP might exert its inhibitory effects through a phosphodiesterase/PKA-or PKG/thioredoxin-dependent pathway.
Methods
Materials
Protein A beads, anti-α-tubulin, and horseradish peroxidaseconjugated anti-mouse and anti-rabbit antibodies were obtained from Transduction Laboratories (Lexington, KY, USA). All materials for electrophoresis were obtained from Bio-Rad (Hercules, CA, USA). DP, mannitol, adenosine, 8-bromocAMP (8Br-cAMP), 8-bromo-cGMP (8Br-cGMP), N-acetyl-L-cysteine (l-NAC), 1-Chloro-2,4-dinitrobenzene (DNCB) (a thioredoxin reductase inhibitor), H-89 (a PKA inhibitor), KT5823 (a PKG inhibitor), and isobutylmethylxanthine (IBMX), were all obtained from Sigma (St Louis, MO, USA). Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), L-glutamine, sodium pyruvate, penicillin, and streptomycin were purchased from Life Technologies (Gaithersburg, MD, USA). The 5-bromo-4-chloro-3-indolylphosphate/4-nitro blue tetrazolium (BCIP/NBT) substrate was purchased from Kirkegaard and Perry Laboratories (Gaithersberg, MD, USA). Protease inhibitor cocktail tablets were purchased from Boehringer Mannheim (Mannheim, Germany). [3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide, MTT] and SYBR GREEN Master mix were from Applied Biosystems (Foster City, CA, USA); Lipofectamine 2000 reagent was from Invitrogen (Carlsbad, CA, USA); Rat Osteopontin Enzyme Immunometric Assay Kit was from Assay Designs (Ann Arbor, MI, USA); and dichlorodihydrofluorescein diacetate, acetyl ester (H2DCF-DA) was from Molecular Probes (Eugene, OR, USA).
Culture of RASMCs and Preparation of Cell Lysates
RASMCs at passages 4 to 8 were cultured in DMEM supplemented with 13.1 mmol/L NaHCO3, 13 mmol/L glucose, 2 mmol/L glutamine, 10% heat-inactivated FBS, and penicillin (100 U/ml)/streptomycin (100 mg/ml). Cells were attached to a Petri dish after 24 h incubation. Cells were plated at a concentration of 1×10 5 cells/ml and used for experiments when they reached 80% of confluence. Cultures were maintained in a humidified incubator with 5% CO2 at 37°C. For treatments, cells were incubated with D-glucose at normal glucose (5.5 mmol/L) or high glucose (30 mmol/L) concentrations in the presence or absence of DP or other inhibitors for the indicated time intervals. To study the effects of PKA and PKG on dipryridamole-inhibited osteopontin expression, 8Br-cAMP or 8Br-cGMP (agonists) was respectively treated for 48 h. In addition, H89 or KT5823 (antagonists) was pretreated for 30 min followed by treatment with dipryridamole, 8Br-cAMP or 8Br-cGMP. To determine the effects of thioredoxin on dipryridamole-inhibited osteopontin expression, DNCB (thioredoxin reductase inhibitor) was pretreated for 30 min followed by treatment with dipryridamole, 8Br-cAMP, or 8Br-cGMP. After 48 h of incubation, cultured medium were collected for a secretory osteopontin assay, and cells were lysed in situ by adding lyses buffer containing 10 mmol/L Tris HCl (pH 7.5), 1 mmol/L EGTA, 1 mmol/L MgCl2, 1 mmol/L sodium orthovanadate, 1 mmol/L DTT, 0.1% mercaptoethanol, 0.5% Triton X-100, and protease inhibitors 0.2 mmol/L PMSF, 0.1% aprotinin, 50 μg/ml leupeptin. Cells adhering to the plates were scraped off using a rubber policeman while mixing with lysis buffer and then stored at -70°C for further measurements.
Polyacrylamide Gel Electrophoresis and Western Blotting
Equal amounts of proteins in cell lysates were separated by electrophoresis on different percentage sodium dodecyl sulphate polyacrylamide gels. Following electrophoresis, separated proteins on the gel were electro-transferred onto a polyvinyldifluoride membrane. Non-specific bindings were blocked with blocking buffer containing 5% fat-free milk powder for 1 h at room temperature, followed by incubation with a primary antibody in blocking buffer for 2 h followed by a wash 3 times with PBST. The polyvinyldifluoride membrane was then incubated with alkaline phosphatase-conjugated secondary antibody for 1 h then washed 3 times with PBST. Subsequently, the Western blots were developed with BCIP/NBT as a substrate. Western blots data were normalized to an internal control (α-tubulin) as determined by a densitometer in 3 independent experiments.
Real Time-PCR Analysis of Osteopontin mRNA Levels
Real time-PCR (Q-PCR) used osteopontin specific primers: forward, 5'-CTGCCAGCACACAAGCAGAC-3', and reverse, 5'-TCTGTGGCATCGGGATACTG-3'; β-actin specific primers: forward, 5'-AGCCATGTACGTAGCCATCCA-3', and reverse, 5'-TCTCCGGAGTCCATCACAATG-3'; SYBR Green 2X master mix buffer 10 μl, primer-F final concentration 0.1 μmol/L, primer-R final concentration 0.1 μmol/L, cDNA 20 ng, ddH20 4.5 μl, to give a total volume 20 μl. After initial denaturation at 95°C for 10 min, PCR was performed for a total of 40 cycles, each at 95°C for 15s, 60°C for 1 min, melting curve 95°C for 15 s, 60°C for 30 s, and 95°C for 15 s (StepOne™ Real-Time PCR System, ABI). At the end of each reaction, the cycle threshold (Ct) was manually set up at the level that reflected the best kinetic PCR parameters, and melting curves were acquired and analyzed. The starting copy number of the unknown samples was determined relative to the known copy number of the calibrator sample using the following formula: ∆∆Ct = [Ct target gene (calibrator sample) -Ct β-actin gene (calibrator sample)]-[Ct target gene (unknown sample) -Ct β-actin gene (unknown sample)]. In this case, the target gene is osteopontin (OPN). The relative gene copy number was calculated by the expression 2 -∆∆Ct . The 2 -∆∆Ct method of relative quantification was adapted to estimate copy numbers in osteopontin genes. Quantitative PCR data were normalized to an internal control (β actin) and were presented as mean ± SD for 3 independent experiments done in triplicate.
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Rat Osteopontin Enzyme Immunoassay (EIA)
Osteopontin production in the culture supernatants was quantitated by an EIA for rodent osteopontin (#900-090A, Assay Designs, Inc Ann Arbor, MI, USA) according to the manufacturer's instruction. Cell culture supernatants were collected for assay at indicated times after treatments. Osteopontin concentrations in cell culture media were normalized with cell number measured by MTT assay. Osteopontin concentrations were expressed as pg/ml.
ROS Determination in RASMCs
RASMCs were plated at a concentration of 1×10 5 cells/ml in 96-well plates and cultured in a humidified incubator with 5% CO2 at 37°C. On the second day the cells were treated with different reagents or inhibitors and incubated for 48 h. To study the effects of PKA and PKG on dipryridamole- Figure 2 . Dipyridamole (DP) down-regulated glucoseinduced osteopontin expression. Following a 24-h pre-incubation with serum-free medium, rat aortic vascular smooth muscle cells (RASMCs) were exposed for an additional 48 h to normal and high concentrations of glucose with or without DP in serum-free medium. Serum-free medium were collected for measurement of osteopontin secretion (A). Treated cells were collected for osteopontin (OPN) expression analysis using Western blot (B) and real time-polymerase chain reaction (PCR) (C). Quantitative PCR data were normalized to an internal control (β actin) and presented as mean ± SD for 3 independent experiments done in triplicate. Western blots data were normalized to an internal control (α-tubulin) as determined by a densitometer in 3 independent experiments. Data are mean ± SD. *P<0.05 compared with normal glucose (5.5 mmol/L); # P<0.05 compared with high glucose (30 mmol/L). Data were analyzed with an ANOVA followed by Duncan's test. Figure 1 . High glucose concentrations increased osteopontin secretion through an oxidative stress-dependent mechanism. Rat aortic vascular smooth muscle cells (RASMCs) were serum-starved for 48 h, followed by incubation with glucose at various concentrations as indicated for an additional 48 h. Serum free-cell cultured medium were collected for detection of osteopontin with an EIA kit (A). RASMCs were incubated for 48 h with high concentration glucose in the present or absence of N-acetyl-L-cysteine (l-NAC), an antixoidant (B) and mannitol, a glucose isomer (C). Osteopontin concentration in the cultured medium was assayed by using an EIA kit. Data are presented as mean ± SD for 3 independent experiments done in triplicate. *P<0.05 compared with normal glucose (5.5 mmol/L); # P<0.05 compared with high glucose (30 mmol/L). NS, non-significant. (A) and (B) were analyzed with an ANOVA followed by Duncan's test; (C) was analyzed with a Student's t-test.
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inhibited ROS production, 8Br-cAMP or 8Br-cGMP (agonists) was respectively treated for 24 h. In addition, H89 or KT5823 (antagonists) was pretreated for 30 min followed by treatment with dipryridamole, 8Br-cAMP, or 8Br-cGMP. To determine the effects of thioredoxin on dipryridamoleinhibited ROS production, DNCB (thioredoxin reductase inhibitor) was pretreated for 30 min, and this was followed by treatment with dipryridamole, 8Br-cAMP, or 8Br-cGMP for 24 h. To test for ROS, washed cells were incubated with dichlorodihydrofluorescein diacetate (H2DCF-DA) for 30 min; the treated cells were rinsed with the same medium without H2DCF-DA then assayed for its fluorescent oxidative substrate, DCF, with a fluorescence spectrophotometer (Excitation 460-500 nm, Emission 510-560 nm; Synergy HT; BioTek A-D) . Rat aortic vascular smooth muscle cells in high glucose serum-free medium were treated with dipyridamole (DP), 8-bromo-cAMP (8Br-cAMP), 8-bromo-cGMP (8Br-cGMP), for 48 h and then tested for ROS (A). Cells in high glucose serum-free medium were pretreated with H89, or DNCB for 30 min, and either DP (B) or 8Br-cAMP (C) was added for 48-h incubation before being tested for ROS. Cells in high glucose serum-free medium were pretreated with KT5823, or DNCB for 30 min, and 8Br-cGMP was added at indicated concentrations for 48-h incubation then assayed for ROS (D). Cells in high glucose serum-free medium were pretreated with 8Br-cGMP, N-acetyl-Lcysteine (l-NAC), 1-Chloro-2,4-dinitrobenzene (DNCB; a thioredoxin reductase inhibitor) for 30 min, and then DP, 8Br-cAMP or 8Br-cGMP was added at indicated concentrations for 48 h, and intracellular osteopontin was detected with an EIA kit (E). Data are presented as mean ± SD for 3 independent experiments done in triplicate. *P<0.05, compared with normal glucose (5.5 mmol/L). # P<0.05 compared with high glucose (30 mmol/L). **P<0.05 between bracket pairs (B-E). Data were analyzed with an ANOVA followed by Duncan's test.
Instruments, USA).
Cell Viability Assays
For the dye exclusion assay, cells were seeded at 1×10 5 at 24-well plates. The media were removed, and the cells were rinsed with PBS before incubation with trypsin. Cells were then washed, and resuspended in 0.4% trypan blue, and live cells were counted on a hemocytometer. Cell viability was evaluated using the MTT assay. Cells grown on 150-mm plates were washed twice with PBS and resuspended in DMEM. The suspended cells were plated on 24-well plates (2×10 5 cells/well) and treated with the indicated reagent(s) for 24 h. MTT was added to the medium (1 mg/ml), and cells were incubated at 37°C for 2 h. Then, dimethylsulfoxide (DMSO) (100 μl) was applied to the medium to dissolve the formazan crystals derived from mitochondrial cleavage of the tetrazolium ring of MTT. The absorbency at 570 nm in each well was measured on a micro-enzyme-linked immunosorbent assay (ELISA) plate reader. None of the reagents used in this study interfered with the MTT values.
Cell Proliferation
RASMCs seeded at 1×10 5 /well in a 6 well-plate were treated without or with dipryridamole (1, 3, or 10 μmol/L) for 7 days, and changed cultured medium with dipryridamole every 2 days. Cell numbers were counted with the dye exclusion assay as follows: the media were removed, and the cells were rinsed with PBS before incubation with trypsin. Cells were then washed, and resuspended in 0.4% trypan blue, and live cells were counted on a hemocytometer. The cell number was calculated as mean ± SD for 3 independent experiments done in triplicate.
Data Analysis
Data are expressed as mean ± SD for 3 independent experiments done in triplicate. The results are presented in Figures 1A,B,2-4 ,5B,C, and the Supplementary Figure S1 were calculated with ANOVA followed by Duncan's test. A Student's t-test was used to determine the difference between the 2 groups. All results of the differences between groups were considered to be significant at P<0.05.
Results
High Glucose Concentration Induced Oxidative Stress and Increased Osteopontin Protein Secretion in RASMCs
Osteopontin is upregulated in diabetic human and rat vascular walls and plays a pivotal role in the acceleration of atherogenesis. 15 To investigate whether the elevation of glucose concentration in the culture media would induce osteopontin secretion in RASMCs, cells were incubated with media containing indicated concentrations of glucose for 48 h and osteopontin protein secretions in the culture supernatants were measured by using an EIA kit. Figure 1A shows that elevation of glucose concentrations in the culture media increased RASMCs osteopontin protein secretion. We next examined whether ROS plays a role in high glucose-induced osteopontin secretion. High glucose concentration (30 mmol/L) has been shown to increase ROS generation. Pretreatment with the antioxidant l-NAC (0.3-3 mmol/L) suppressed high glucoseinduced osteopontin secretion in RASMCs (Figure 1B) . The high glucose-induced osteopontin secretion is not mediated through hyperosmolarity because osteopontin secretion was not altered when RASMCs were incubated with 30 mmol/L of mannitol ( Figure 1C) . These results demonstrated that high 
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glucose might exert stress via the ROS system to increase osteopontin protein secretion in diabetes. DP Suppressed Osteopontin Protein Secretion and mRNA Expression DP might have beneficial effects in preventing diabetes-associated vascular complications because of its anti-platelet, antiinflammatory, and anti-fibrotic effects. 12,14 Therefore, we examined whether DP suppressed high glucose-induced osteopontin protein secretion. When RASMCs were incubated with different concentrations of DP at 37°C for 48 h under normal (5.5 mmol/L) or high glucose concentrations (30 mmol/L), DP (1 or 3 or 10 μmol/L) decreased osteopontin protein secretion (Figure 2A) , and also suppressed the expression of protein and mRNA levels as determined by Western blot and realtime-PCR, respectively (Figures 2B,C) . DP did not affect cell viability and proliferation at a concentration lower than 10 μmol/L (Figure S1A ).
Osteopontin Secretion is Regulated by PKA and PKG Pathways DP has been shown to inhibit phosphodiesterase, thus increasing intracellular concentrations of cAMP and cGMP by preventing their degradation. We next examined whether the increase of cellular cAMP or cGMP would decrease osteopontin secretion. Our results show that treatment of RASMCs in high glucose medium with 8Br-cAMP or 8Br-cGMP lowered osteopontin protein secretion (Figures 3A,B) . 8Br-cAMP increased intracellular cAMP due to better hydrolytic stability and membrane permeability compared to unmodified cAMP, and is an activator of cAMP-dependent protein kinases. Similarly, 8Br-cGMP, a cGMP agonist, is also an activator of cGMP-dependent protein kinases. In contrast, osteopontin protein secretion was not suppressed by adding adenosine under high glucose conditions (Figure 3C) . These results indicate that DP suppression of osteopontin protein secretion might be linked to increased cellular levels of cAMP and cGMP. To address whether PKA or PKG were involved in cAMP and cGMP regulation, cells were pretreated with H-89, a PKA inhibitor, or with KT5823, a PKG inhibitor, for 30 min incubations before the addition of DP. Pretreatment with H89 or KT5823 counteracted the DP effect on osteopontin secretion (Figures 3D,E) . Within the concentrations used, DP, l-NAC, adenosine, 8Br-cAMP, 8Br-cGMP, KT5823, H-89 and IBMX had no effects on cell viability (data not shown). Another non-selective phosphodiesterase inhibitor, 3-isobutyl-1-methylxanthine (IBMX) also decreased high glucose stimulated osteopontin secretion in aortic vascular smooth muscle cells (Figures S1B-D) .
cAMP and cGMP Enhanced Thioredoxin Expression to Inhibit ROS and to Suppress Osteopontin Secretion
To elucidate whether glucose, cAMP, and cGMP were able to alter intracellular ROS levels in RASMCs, the intracellular ROS levels were determined using the ROS-sensitive fluorescence generating probe, DCFH-DA, after various treatments. As shown in Figure 4A , the incubation of cells under high glucose conditions significantly increased intracellular ROS levels in RASMCs, and this effect was suppressed by pretreatment with DP, 8Br-cAMP, or 8Br-cGMP. The inhibition of ROS generation by DP was abolished by H89, or by a thioredoxin inhibitor, 2,4-dinitrochlorobenzene (DNCB), which is an alkylating agent used for depleting intracellular glutathione levels ( Figure 4B) . Similarly, the inhibition of ROS generation by 8Br-cAMP and 8Br-cGMP can be reversed by the pretreatment of cells with DNCB, suggesting that thioredoxin reductase might be involved in decreasing ROS production and thus the induction of osteopontin by high glucose in RASMCs (Figures 4C,D) . Indeed, treatments with H89, KT8523 or DNCB abolished the inhibition of high Figure 6 . Schema of the signaling pathway underlying dipyridamole (DP) inhibition of glucose-induced osteopontin expression. High glucose increased osteopontin expression and secretion mediated through reactive oxygen species (ROS) induction. DP decreased osteopontin protein secretion through inhibition of phosphodiesterase (PDE) activity that lowers intracellular pools of adenosine-3',5'-cyclic monophosphate (cAMP) and guanosine-3',5'-cyclic monophosphate (cGMP) The consequent increase in cAMP and cGMP levels inhibits the production of ROS via the induction of the antioxidant protein, thioredoxin, to downregulate osteopontin. 8Br-cAMP, 8-bromocAMP; 8Br-cGMP, 8-bromo- cGMP.
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glucose-induced osteopontin secretion by DP, 8Br-cAMP and 8Br-cGMP (Figures 4C-E) .
Thioredoxin protein levels were lower when cells were incubated at a high glucose concentration ( Figure 5A ). Treatment with DP or 8Br-cAMP or 8Br-cGMP increased the thioredoxin protein expression levels in RASMCs under higher glucose concentrations. In contrast, inhibition of PKA or PKG by H-89 and KT5823, respectively, reduced thioredoxin expression in RASMCs (Figures 5B, C) .
Discussion
Osteopontin plays an important role in mediating inflammation, vascular calcification and fibrosis, and has been considered as a therapeutic target for atherosclerosis. The upregulation of osteopontin expression has been linked to the development of diabetic vasculopathy. 7 Incubation of vascular smooth muscle cells with high glucose has been shown to upregulate osteopontin expression. 16 Indeed, we showed that the incubation of RASMCs in high glucose concentration medium increased osteopontin protein and mRNA expressions. The mechanisms for high glucose-induced osteopontin upregulation have been attributed to the activation of protein kinase C, hexosamine, and Rho/Rho kinase pathways. 15, 16 We present evidence that DP suppressed high glucose-induced osteopontin secretion via increases in cAMP and cGMP, which thereby increased thioredoxin expression to inhibit ROS induction. DP is a non-selective inhibitor of cyclic 3',5'-nucleotide phosphodiesterase, which inhibits the degradation of cAMP and cGMP, thereby increasing cellular levels of cAMP and cGMP. 10 We showed that high glucose-induced osteopontin secretion by RASMCs could be suppressed by cAMP and cGMP but not by adenosine, suggesting that this effect is mediated through the inhibition of phosphodisterase but not through the nucleoside transporter.
It has been shown that PKG-deficient synthetic RASMCs secrete large quantities of extracellular matrix proteins, such as osteopontin and thrombospondin. [17] [18] [19] [20] [21] [22] In agreement, we showed that 8Br-cAMP or 8Br-cGMP is sufficient to suppress high glucose-induced ROS generation, and these effects can be reversed by H89, a PKA inhibitor, or KT5823, a PKG inhibitor. Treatment of RASMCs with H89 or KT5823 reversed the inhibition of ROS generation and osteopontin secretion by DP or 8Br-cAMP or 8Br-cGMP, suggesting that ROS-dependent PKA or PKG activation was involved. In contrast, one possibility is that more than one antioxidant enzyme or antioxidant enzymes other than glutathione mediate the effect. These results are consistent with those of Dey et al, who showed that cGMP-dependent protein kinase inhibits osteopontin productions in RASMCs. 23 Our results also agree with those of Zhuplatov et al, in which they showed that DP's action in the inhibition of venous and arterial smooth muscle cell proliferation was mediated through a transient increase in cGMP and cAMP and the downstream PKG or PKA activation. 24 We further demonstrated that these cyclic nucleotide kinases might regulate osteopontin expression through the induction of thioredoxin expression. It has been published that PKG regulates the expression of thioredoxin and thioredoxin peroxidase-1 in response to oxidative stress-induced apoptosis. 25 In agreement, we showed that DNCB, a thioredoxin reductase inhibitor, reversed the inhibitory effects of DP, 8Br-cAMP or 8Br-cGMP on ROS generation and osteopontin secretion.
Taken together, these results support the notion that high glucose might increase osteopontin secretion through ROS generation. DP can suppress high glucose-induced osteopontin secretion through the inhibition of phosphodiesterase activity, which degrades cAMP and cGMP. The increasing cellular levels of cAMP and cGMP enhanced thioredoxin expression to block ROS generation, thus suppressed osteopontin secretion induced under high glucose concentrations. A schema of the proposed signaling cascade involving cAMP/ cGMP, PKA/PKG, and thioredoxin mediated DP inhibition of osteopontin secretion is presented in Figure 6 .
In conclusion, we showed that incubation of RASMCs with high glucose concentrations increased osteopontin protein and mRNA expression, and this effect can be blocked by treatment of cells with DP. Suppression of osteopontin production prevents the vascular calcification, interstitial fibrosis, and thereby prevents subsequent vascular stiffness. In contrast, osteopontin is a multifunctional molecule highly expressed in chronic inflammatory and autoimmune diseases, and it is specifically localized in and around inflammatory cells. 26 It is thus conceivable that therapeutic agents that suppress high glucose-induced osteopontin production might be useful in controlling the diabetic vascular complications. Indeed, recombinant erythropoietin treatment decreased osteopontin and improves the CsA-treated rat kidney. 27 Combined treatment with losartan and pravastatin provided synergistic effects in lowering osteopontin and attenuating inflammatory and fibrotic processes in a rat model of chronic CsA-induced nephropathy. 28 Besides proinflammatory functions, physiologically osteopontin is a potent inhibitor of mineralization; it prevents ectopic calcium deposits and is a potent inducible inhibitor of vascular calcification. 26 Phosphorylation of osteopontin has been shown to mediate the inhibition of the growth of the calcium oxalate monohydrate crystals. 29 Whether the high glucose-induced osteopontin is phosphorylated is not clear. Given that osteopontin secretion and systemic circulation in diabetic patients lead to vascular atherogenesis, our results suggest that DP might exert therapeutic beneficial effects for diabetes-associated vascular atherogenesis through the suppression of osteopontin secretion.
